Neutron spectroscopy has revealed a highly unusual magnetic structure and dynamics in YVO 3 , an insulating pseudocubic perovskite that undergoes a series of temperature induced phase transitions between states with different spin and orbital ordering patterns. A quantitative description of the neutron data is obtained by a theoretical analysis of the spin and orbital correlations of a realistic one-dimensional model. This leads to the identification of one of the phases of YVO 3 with the "orbital Peierls state", a theoretically proposed many-body state comprised of orbital singlet bonds.
states whose theoretical description is still in its infancy. Recently, much attention has focused on transition metal oxides with low-lying electronic states (termed "orbitals") in which temperature or doping can drive phase transitions involving marked redistributions of the valence electron density ("orbital ordering") [1] . The orbital ordering temperatures in insulating oxides (such as the widely studied manganites) are generally high and approach the temperatures at which these materials become chemically unstable. Magnetic phase transitions involving unpaired valence electrons then occur at much lower temperatures.
The magnetic ordering pattern reflects the exchange interactions between the unpaired electrons which in turn are highly sensitive to their (static) spatial distribution. A striking exception to this general scenario was recently discovered in insulating YVO 3 , where a series of temperature-induced magnetization reversals heralds a spontaneous redistribution of the density of unpaired electrons far below the magnetic ordering temperature [2, 3, 4, 5] .
The microscopic origin of this unusual series of phase transitions has thus far remained elusive. Given that YVO 3 is an insulator with a simple, nearly cubic lattice structure and only two localized valence electrons per vanadium atom (3d 2 ), the difficulty of obtaining a microscopic description of its phase behavior may seem surprising. It is rooted in the large number of nearly degenerate many-body states accessible to transition metal oxides with unquenched orbital degrees of freedom, a situation termed "orbital frustration". Clearly, the orbital occupations of YVO 3 cannot be treated as temperature independent parameters and are hence affected by orbital frustration. However, while pure spin models with fixed exchange interactions have been extensively studied, quantitative solutions of models with variable spins and orbitals have thus far been obtained only in one spatial dimension (1D) [6, 7, 8, 9] . In this Letter we show that a 1D spin-orbital model contains much of the physics underlying the phase behavior of YVO 3 . The temperature induced charge density rearrangement is driven by a thermal crossover between two competing states near a zero-temperature phase transition of the model: a ferromagnet and a novel collective singlet state, the "orbital Peierls state", that has been theoretically proposed [6] but hitherto not been observed. by a floating zone technique described earlier [10] .
The room temperature crystal structure of YVO 3 is described by the orthorhombic space group P bnm [5, 11, 12] and lattice parameters a = 5.252Å, b = 5.609Å, and c = 7.514Å.
For simplicity we will follow common practice and index the reciprocal lattice in terms of a pseudocubic subcell with (almost equal) lattice parameters a/ √ 2, b/ √ 2, and c/2. YVO 3 exhibits two magnetic phases. Between 1.5 K and T N1 = 75 K, we observe magnetic Bragg reflections of the type (h/2, k/2, l/2) with h, k, l odd (Fig. 1A) . The magnetic structure is thus of G-type, that is, antiferromagnetic in all three directions of the pseudocubic cell (inset in Fig. 1a) . A full refinement of the magnetic structure yields an ordered moment of 1.72(5)µ B oriented along the c-direction. The magnetic diffraction pattern changes at T N1 , and for T N1 < T < T N2 = 116 K reflections of the type (h/2, k/2, l), with h, k odd and l = 0 or even, are dominant (Fig. 1B) . In this temperature range, the magnetic structure is predominantly of C-type, that is, antiferromagnetic in the ab-plane and ferromagnetic along c. These observations are consistent with previous work on powder samples [11, 12] .
However, our single-crystal data now show that the high temperature phase is much more complex than previously assumed. For instance, magnetic Bragg reflections of G-type persist in the high temperature phase, albeit with diminished intensity (Fig. 1a) . The temperature dependence of the magnetic reflections is not hysteretic, and the spectroscopic measurements The unusual nature of the high temperature phase is underscored by its magnetic dynamics measured by neutron spectroscopy. Representative inelastic neutron scattering data are shown in Fig. 2 , and a synopsis of the magnon dispersion relations extracted from fits to these data is given in Fig. 3 . The magnons in the low temperature phase follow a simple anisotropic Heisenberg model with exchange parameters J c = 5.5 meV and J ab = 5.8 meV in the expected range (Fig. 3a) . Up to the first order transition at T N1 , the G-type magnetic correlations are weakly temperature dependent (Fig. 1a) . In the high temperature phase, low energy magnons are observed at both Q = (1/2, 1/2, 1/2) and (1/2, 1/2, 0), as expected based on the canted spin structure (Fig. 1b) . The magnon gaps at these two points are identical and substantially smaller than the zone-center magnon gap of the G-phase immediately below T N1 , ruling out any two-phase coexistence scenario.
The spectrum of the high temperature phase (Figs. 2 and 3b) exhibits several unexpected features. First, the magnon band width along the ferromagnetic c-axis is larger than that in the antiferromagnetic ab-plane. This violates the standard Goodenough-Kanamori rules according to which ferromagnetic superexchange interactions are generally substantially weaker than antiferromagnetic interactions. Further, the spectrum is split into optical and acoustic magnons with a gap of 5 meV between both branches. The optical/acoustic splitting, which constitutes a large fraction of the total magnon band width, can only be described by assuming two different ferromagnetic exchange bonds along the c-axis. An excellent fit of the spectrum can be obtained by a Heisenberg model with exchange parameters
2 meV, J c2 = −4.0 meV, and J ab = 2.6 meV.
Because of the crystallographically indistinguishable V-V distances along the c-axis [5] , our observation of strongly alternating exchange bonds in this direction must be regarded as a signature of highly unusual orbital correlations. We now proceed to outline a quantum manybody description of these correlations and their influence on the spin dynamics. According to electronic structure calculations [13, 14, 15, 16] , the vanadium t 2g -levels are split into a lowerlying singlet of xy-symmetry and a higher-lying doublet spanned by the xz-and yz-orbitals.
A structural transition associated with a lattice contraction of the c-axis [5] indicates that 
where < ij > denotes a nearest-neighbor pair of V-atoms along c, and τ is a pseudospin-1/2 operator acting in the xz-and yz-orbital subspace. The energy of a single exchange bond described by this Hamiltonian is minimized by formation of an orbital singlet ( τ i · τ i+1 = −3/4) with ferromagnetic alignment of the spins, hence a strong dimerization in the ground state is expected [18] .
In order to elucidate the ground state properties of the full many-body Hamiltonian, we performed numerical calculations using the transfer matrix renormalization group (TMRG) method which is known to yield accurate finite-temperature correlation functions and thermodynamic properties for a variety of 1D systems [19] . The 1D quantum chain is mapped onto a 2D classical system by using the Trotter formula. All thermodynamic quantities in the exact thermodynamic limit can be derived solely from the leading eigenvalues of a corresponding transfer matrix. The transfer matrix is enlarged in the imaginary time direction
(being equivalent to a decrease of temperature) by using the density matrix renormalization group algorithm. The numerically computed correlator τ i · τ i+1 extrapolates to -3/8 per bond at T=0, thus demonstrating that the ground state indeed spontaneously dimerizes into orbital singlets on every second bond as suggested by the simple consideration above (data not shown). While the exchange interaction between spins within an orbital singlet is strong and ferromagnetic, nearest-neighbor spins in adjacent singlets are coupled through a weak, antiferromagnetic exchange interaction; the spin pair correlator S i · S i+1 is therefore negative (Fig. 4a) .
The spontaneous exchange bond dimerization in the ground state of the Hamiltonian Eq.
1, which is analogous to the well known Peierls instability of a 1D metal, already hints at an explanation of the unusual magnetic spectrum observed in the high temperature phase of YVO 3 . However, a quantitative description of YVO 3 must also include the Hund's rule and spin-orbit interactions. The generalization of Eq. 1 for nonzero Hund's rule coupling is given in Refs. [17, 20] , and the numerically computed correlator S i · S i+1 is plotted in Fig.   4a for different values of η. As expected on general grounds, the ground state for large η becomes a uniform ferromagnet with S i · S i+1 = 1. The transition between dimerized and ferromagnetic states occurs at a critical value of η c ∼ 0.11, remarkably close to the realistic value ∼ 0.12 [15] for vanadium oxides.
Due to the proximity to the zero-temperature phase transition, the spin and orbital correlations at elevated temperatures exhibit an intriguing evolution. First, a pronounced maximum of the spin correlator S i · S i+1 as a function of temperature is apparent for the case of η < ∼ η c . The origin of the initial dramatic increase upon heating lies in the weak exchange bonds between spins in adjacent orbital dimers. These bonds are highly susceptible to thermal fluctuations, and the associated increase in entropy stabilizes the orbital Peierls state. In fact, upon increasing the temperature this state quickly becomes the leading instability even for η > η c , and the numerically computed dimer correlation length begins to exceed those of other possible ground states (Fig. 4b) . With J ∼ 40 meV extracted from the low temperature magnon dispersions, the temperature range in which the dimerized phase is the leading instability coincides approximately with the high temperature phase of YVO 3 .
This explains the exchange bond dimerization experimentally observed in this phase. Fig.   4a also shows that the spin correlations of the spin-orbital chain are frustrated and hence substantially weaker than those of an orbitally nondegenerate ferromagnetic chain. The suppression of the spin correlations due to orbital fluctuations provides a natural explanation for the anomalously small ordered moment observed in the high temperature phase.
Next, we address the intra-atomic spin-orbit coupling H SO = −2ΛS iz τ iz . TMRG calculations in which this interaction is explicitly included (Fig. 4b) show that the interplay between spin-orbit and superexchange interactions gives rise to an easy-plane spin anisotropy while the entropy-driven dimerization is almost unaffected. In the temperature range of interest, the quantity S Finally, interchain interactions that are ultimately required to establish 3D magnetic long range order can be included in the above calculations as a mean-field, −4J ab S S i . As this field is much smaller than the basic energy scale J for spin-orbital fluctuations within the chains, its effect is only weak (Fig. 4b) and the physics remains quasi one-dimensional.
In summary, all of the unusual features of the high temperature phase of YVO 3 including the large ferromagnetic exchange coupling along the c-axis, the optical-acoustic splitting of the magnon spectrum, as well as the easy-plane anisotropy, the anomalously small magnitude and the large canting angle of the ordered moment are thus explained semiquantitatively in a quasi-1D model with dynamical spin and orbital degrees of freedom. The model also explains the spin/orbital rearrangement at T N1 : While the state with G-type magnetic order and conventional orbital order is favored by coupling to the lattice at low temperatures [17] , the phase transition to the state with C-type spin arrangement and orbital singlet correlations is driven by the large entropy content of the latter. A detailed model of the superexchange anisotropies responsible for the zone-center magnon gaps and the magnetization reversals [2] will be reported elsewhere, as will be a reinvestigation of the crystal structure of YVO 3 in the light of the results reported here [22] . The lines are the results of fits to Heisenberg models with superexchange parameters described in the text. The magnon gaps at the antiferromagnetic Brillouin zone centers Q = (1/2, 1/2, 1/2) and
(1/2, 1/2, 0) arise from single-ion and exchange anisotropy terms in the spin Hamiltonian that will be discussed separately [22] . 
